Normal alkanes have a simple molecular structure, but display a surprising variety of ordered phases, including an orthorhombic crystal, followed on heating by two partially ordered rotator phases RI and RII. These phases are interesting both because of the weakly first-order transitions that separate them, and because rotator phases are implicated in the nucleation of crystals in polyethylene. To understand this interesting and technologically important phenomenon, a clear picture of the rotator phase is essential. We conducted all-atom simulations of pure C 23 and mixed C 21 -C 23 normal alkanes. Among potentials we tried, only Flexible Williams gave good agreement with the experimental sequence of phases and transition temperatures. Physical properties of the simulated phases, including lattice dimensions and transition entropy between orthorhombic and rotator RII phase are in good agreement with experiment. We define order parameters for investigating pretransitional fluctuations in RI and RII phases; we observed only very short-range correlations in these phases, but slower temperature scans may be necessary to properly investigate these weakly first-order transitions.
I. INTRODUCTION
The n-alkane molecules ͑C n H 2n+2 , abbreviated Cn͒ have a simple molecular structure, but exhibit a wide variety of solid phase behavior. At low temperatures, n-alkane molecules take all-trans-conformations and form lamellae with long axes of the molecules parallel. The exact packing and chain tilt depend on n. Of note is the even-odd effect in low temperature packing; for n less than 30 the molecules take on a triclinic crystal structure for even n and an orthorhombic crystal structure for odd n. 1 Between the low temperature crystal and the melt are various rotator solid mesophases, which are less ordered than a crystal but more ordered than a melt.
The structure and thermal properties of alkane phases are inferred from wide-angle x-ray scattering and calorimetry experiments by Sirota et al. [2] [3] [4] [5] [6] It is challenging to use scattering to determine the specific nature of disorder in a partially ordered system in the absence of a model; the specific nature of the partial order of the rotator phases therefore remains uncertain. Also unclear is the molecular basis for the relatively strong temperature dependence of lattice constants and heat capacity of rotator phases, discussed below.
Rotator phases are interesting in their own right, and also because of their possible role in the nucleation of polyethylene. Experimental work suggests that polyethylene crystallizes from the melt via nucleation of a rotator phase. [7] [8] [9] Experiments on n-alkanes find that the rotator phase transitions are weakly first order; theory suggests that these weakly first order transitions are associated with an underlying secondorder phase transition, and should display pretransitional fluctuations and temperature-dependent properties. 10 We can therefore inform our understanding of polyethylene nucleation, as well as the structural transitions in alkanes, by determining the nature of the disorder in the alkane rotator phases. Atomistic molecular dynamics ͑MD͒ simulations are well suited for such a study.
A. Alkane solid structure
Wide-angle x-ray diffraction ͑WAXD͒ applied to ordered phases of normal alkanes supplies key structural information, including molecular packing and lattice structure. [2] [3] [4] [5] [6] The crystal structure of odd n-alkanes is an orthorhombic packing of all-trans-chains. Figure 1͑a͒ shows a section of crystal viewed along the c axis. Shown along with the cross sections of the molecules are lines indicating the direction of the carbon backbone plane projected onto the a-b plane. The orientation of the molecules appears as a "herringbone" pattern.
The crystal lattice is not perfectly hexagonal, but is stretched slightly in the "herringbone direction" of the crystal. In each row of molecules along the herringbone direction, all of the molecular projections are oriented parallel to each other, inclined about 45°from the herringbone direction. The orientation of molecules in adjacent rows is rotated by about 90°. In WAXD experiments, the crystal phase exhibits not only peaks consistent with an orthorhombic lattice, but also higher order peaks associated with the herringbone pattern. 6 Heating a crystal with length between n =22 ͑the smallest n to display the RII phase͒ to n =26 ͑the largest n to show the RI phase͒ results in a sequence of phases, crystal-RI-RIImelt. We will not discuss the various tilted rotator phases that have been identified for n = 21 and above, but we note that the transitions to and from these phases are marked only by changes in molecular tilt and not by changes in the behavior of the orientation of the molecules within their layers, which concern us here. Experiments find that the tilted phases behave similarly to the RI and RII phases. 4 In the RI phase, WAXD finds orthorhombic lattice peaks but no herringbone peaks. 6 The loss of the herringbone peaks in the RI phase has been explained in terms of rotational disorder, in which molecules in the original orthorhombic crystal are randomly rotated about their long axis by Ϯ90°.
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Figure 1͑b͒ illustrates the molecular packing in the RI phase. Because of steric constraints, molecules in the RI phase cannot rotate freely to any orientation, but are presumably able to make jumps at some frequency between two orientations about 90°apart.
The crystal-RI phase transition is observed to be first order. 4 Experiments find the cumulative transition entropy from the crystal to RII phase ͑discussed below͒ to be in the range of 0.21-0.28 J/͑g K͒, or about 0.4 kT per carboncarbon bond. 8 Presumably the crystal-RI transition entropy is weaker because the structural change is more subtle. Within the RI phase, which is stable over a temperature range of only a few degrees, the heat capacity and orthorhombic lattice distortion are strongly temperature dependent, suggestive of a phase in which fluctuations play a significant role.
Above the RI phase in temperature lies the RII phase, found for n ranging from 23 to 27. The RII phase shows a sharp Bragg peak in WAXD, with hexagonal symmetry. The orthorhombic distortion found in the crystal and RI phases is absent in the RII phase. 2, 6 However, the hexagonal Bragg peak sits on a broad, diffuse peak, which has been interpreted as suggestive of regions of short-range orthorhombic order, randomly oriented. 6 The RI-RII phase transition is observed to be first order. 4, 8 The area per molecule in the RII phase is larger than in the crystal and RI phases, of order 19.7 Å 2 . The hexagonal symmetry implies that molecules in the RII phase are equally likely to point in any of six directions in the x-y plane. Heating the RII phase eventually results in a melt, with a transition entropy in the range of 0.49-0.51 J/͑g K͒, or about 0.8 kT per carbon-carbon bond. 8 Mixing alkanes with nearby carbon number ͑like C 21 and C 23 ͒ has been found to significantly increase the temperature range over which rotator phases are stable. 5, 6 Table I shows the temperatures of the phase transitions for a mixture of 50% C 21 and 50% C 23 compared to pure C 23 . 4, 5 This 50-50 mixture has nearly three times as large a temperature range for the RI phase and a nearly 50% larger temperature range for RII. The stabilization of rotator phases in mixed alkanes presumably occurs because mixing chains of different lengths weakens interlayer interactions that favor the crystal phase. 6 Such mixtures therefore make it easier to obtain stable rotator phases, both in experiment and in simulations.
B. Previous simulations
Simulations have been performed to examine molecular motion in the rotator phases of n-alkanes. Ryckaert et al. [11] [12] [13] first performed all-atom MD simulations of n-alkane rotator phases. Using an all-atom force field with constrained hydrogen atoms, they performed brief NVE ensemble simulations of small systems of C 23 initially prepared in orthorhombic crystal and RI phases. 12, 13 The RI phase was stable over the short run time, and molecules were observed to make turns of approximately 90°.
Later, Ryckaert et al. examined C 23 , as well as C 19 initially prepared in an idealized RI phase, and C 23 prepared in an idealized RII phase.
14 Systems initially prepared in RI or RII phases remained in those phases in runs with lengths from 100 ps ͑C 23 RII͒ up to nearly 1 ns ͑C 19 RI͒. C 23 prepared in an idealized RII phase remained hexagonal, and a weakly six-peaked orientation distribution emerged.
Other all-atom simulations observed the spontaneous formation of the RI phase from a crystal initial configuration. Using a force field from Smith and Yoon 15 in NPT simulations, Phillips and Hanna 16 found a weakly four-peaked distribution in simulations of a monolayer of 48 molecules of C24 at 350 K and a pressure of 5 kbar. At 400 K and above they observed a "freely rotating contracted-chain pseudohexagonal phase" in which the molecules turn unhindered to any orientation. They found that at 350 K molecular twists were initiated by the ends of chains, while at 400 K the chains contained transient gauche defects all along their length.
Marbeuf and Brown, in their study of C18-C20 in the NT ensemble at various pressures using the COMPASS force field, 17 observed the spontaneous formation of RI in a C 19 trilayer system containing 600 molecules at a temperature of 300 K. 18 The transition temperature of their simulated system agreed reasonably well with experiments. In studying intrachain properties, they found that dihedral defects, predominantly gt and gЈt end kinks, were much more common in RI than in the crystal, with about 1 defect per chain in RI instead of 0.1 defects per chain in the crystal. They noted that it is energetically favorable for a single molecule to be displaced along its long axis by half a monomer length when rotated by 90°, suggesting that molecular rotation is accompanied by longitudinal motion in the onset of the RI phase from the crystal.
The crystal phase of C 23 has also been studied in simulations using the COMPASS force field. 19 Small bilayer systems of 48 C 23 molecules were found to maintain a stable orthorhombic crystal structure over a few hundred picoseconds. The average molecule length was slightly shorter at temperatures closer to the melting point, due to transient gauche defects found near the end of the chains.
These previous simulations suffered from several shortcomings. First, they examined small systems or short run times due to limits in computational resources. Second, several groups used short cutoffs for nonbonded interactions [12] [13] [14] 16, 19 or used constraints on bond lengths or angles. [12] [13] [14] 16 Third, although detailed investigations of conformations of single molecules have been made, to date, the only reports of the arrangement of molecules within a layer have been angle distributions or the angle over time of single molecules.
In this study, we use all-atom MD simulation to characterize the disorder in n-alkane rotator phases. First, we characterize intralayer order of C 23 molecules in the model crystal, RI, and RII phases. This involves identifying a suitable force field for simulation, which turns out to be a delicate undertaking. Next, we define suitable order parameters to quantify the partial order in molecular orientation. Finally, we take advantage of the enhanced stability of rotator phases in mixed alkanes, and perform simulations on a 50-50 mixture of C 21 and C 23 .
The remainder of this paper is organized as follows. In Sec. II we discuss the simulation details ͑IIA͒ and define order parameters ͑IIB͒ for our system. In Sec. III, we discuss our results, giving properties of the simulated phases and results for local and long range order. Our conclusions are found in Sec. IV.
II. SIMULATIONS AND THEORY
It turns out to be delicate to select a potential that adequately captures the sequence of phases and approximate locations of the order-disorder transitions in n-alkanes. Our results in this regard disagree in detail with previous simulations, which we conclude in some cases were run for too short a time to reach equilibrium. Therefore, in the section that follows below, we provide more than the usual level of detail as to how we performed our simulations and arrived at our choice of potential.
Ultimately, we concluded that among potentials we tried-which included the widely used OPLS-AA force field, the recently developed force field of Borodin and Smith, and the Flexible Williams ͑FW͒ force field of Tobias et al., as well as various tweaks on the OPLS-AA-only the FW potential produced a reasonable sequence of phases at about the right transition temperatures compared to experiment. Readers interested only in the results we obtained after settling on the FW potential may skip the next section.
A. Simulation details
We used three different all-atom force fields in our simulations: the OPLS-AA force field, 20 the force field of Borodin and Smith, 21, 22 which has been applied to alkanes and perfluoroalkanes, 23, 24 and the Flexible Williams force field of Tobias et al., 25 which has previously been applied to alkanes and other organic molecules. [26] [27] [28] We chose all-atom models rather than more computationally efficient united atom models because united atom models do not give the correct packing for low temperature alkane crystals.
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All three force fields explicitly include harmonic bond stretch, harmonic angle, and dihedral intramolecular potentials. Each force field treats intramolecular 1-4 interactions in a different way. OPLS 1-4 interactions use both a dihedral potential and half-strength nonbonded potential. Borodin and Smith 1-4 interactions use a dihedral potential and a fullstrength nonbonded potential. FW 1-4 interactions use a dihedral potential only. In all force fields, nonbonded interactions alone are used for 1-5 and longer intramolecular interactions.
The three models differ in the analytical form used for nonbonded potentials. OPLS-AA models the van der Waals interactions using a Lennard-Jones 12-6 ͑LJ 12-6͒ potential and includes partial charges on the atoms. Interactions between unlike atoms are calculated using geometric average mixing rules. The force field of Borodin and Smith uses a Buckingham ͑Exp-6͒ form for the van der Waals interactions. The LJ 12-6 potential form is more strongly repulsive than the Exp-6 form at short distances and is commonly thought to be too strongly repulsive to accurately represent alkane interactions. 29, 30 The model uses partial charges similar to those of OPLS. For pure alkanes, we ignore the contributions of electrostatic polarization. Interactions between unlike atoms are calculated using the Waldman-Hagler sixth order mixing rules. 31 The FW force field also uses Exp-6 nonbonded interactions with hydrocarbon crystal parameters from Williams' parameter set IV. 32 No partial charges are included in this model; their effect is subsumed by the Exp-6 potential forms. No mixing rules are needed because the C-C, H-H, and C-H interactions are parametrized explicitly. The FW model is an all-atom version of the model used by Ryckaert et al. 12 We performed classical MD simulations of pure C 23 , the shortest n-alkane with both RI and RII phases, and of 50-50 C 21 -C 23 mixtures. All three force fields were used for the simulations of pure C 23 . In addition, simulations of pure C 23 were performed using OPLS-AA with weakened nonbonded interactions, in an effort to more closely match experimental transition temperatures ͑see below͒. In simulations of mixed C 21 and C 23 we employed only the FW force field.
All simulations were performed in the NPT ensemble using GROMACS. 33 The simulations were held at constant temperature using a Nosé-Hoover thermostat with a time constant T = 0.1 ps. The simulations were held at a constant pressure of 1.0 bar using an anisotropic Parrinello-Rahman barostat, which allows internal and external stresses to balance by allowing the simulation box to change both volume and shape. GROMACS calculates the inverse mass parameter using compressibility and a time constant. As barostat parameters in all simulations, we used a bulk compressibility of 5.1ϫ 10 −5 bar −1 , in the range of the experimentally determined compressibilities of C 23 crystal and rotator phases, 3 and time constant P in the range from 1.0 to 3.0 ps, depending on the simulated system.
Both the van der Waals and electrostatic nonbonded potentials were cut off at 1.35 nm. In simulations that contained partial charges, the long-range PME electrostatics method was employed. All simulations were performed using three dimensional periodic boundary conditions. Simulations used a 1 fs timestep. Position data were collected every 500 or 1000 steps, and energy and lattice data were collected every 100-500 steps.
To look for the spontaneous formation of rotator phases from a pure alkane crystal, C 23 initial configurations were prepared with the molecules in orthorhombic herringbone crystal positions and with all-trans-conformations. In a few cases, initial configurations were also prepared in an idealized RI structure, in which the all-trans-molecules were randomly turned about their crystalline c axis by 0°, 90°, 180°, or 270°from the original herringbone orientation.
To study mixed alkanes, 50-50 mixtures of C 21 and C 23 were generated. We assume that alkanes of different lengths mix randomly on a lattice with no correlation, so we generate mixed configurations by randomly populating an orthorhombic lattice with C 21 and C 23 in all-trans-conformations. On the timescale of our simulations there is no observed molecular diffusion, so this random mixing of molecules is quenched.
For unmodified OPLS-AA and FW at constant temperatures, including mixed C 21 and C 23 , we used six layers of 16ϫ 24 units cells ͑4608 molecules͒. For all other runs we used small systems with two layers of either 16ϫ 24 unit cells ͑1536 molecules͒ or 13ϫ 20 unit cells ͑1040 molecules͒. We used six layers in our larger simulations because the crystal and RI phases maintain an AB stacking while the RII phase prefers an ABC stacking. In our smaller simulations we used two layers to satisfy the AB stacking of the crystal and RI phases. Atoms in the initial configuration were randomly assigned initial velocities based on a Boltzmann distribution at a specific temperature and then coupled to that temperature to equilibrate. The system was held at the initial temperature and the resulting phase behavior was studied over 1-3 ns.
The lattice parameters resulting from the simulations vary with temperature and differ somewhat from experimental values. The simulations are sensitive to the initial lattice parameters: if the molecules start out too close together, the system can expand rapidly beyond its equilibrium size, which allows molecules to rotate before the box can contract back to equilibrium size, resulting in orientational defects that are "locked in" during the first few picoseconds of the run. If the molecules start out too far apart, they can likewise rotate and lock in defects before the system manages to contract to the equilibrium density.
To find starting values for lattice parameters at a given temperature, we performed a few short runs of 50-100 ps with a large P , adjusting the lattice constants until we found values that did not lead to large density transients. For generating idealized rotator phase initial states, we found it was most suitable to start with lattice parameters close to those found for the equilibrated orthorhombic crystal at the highest temperatures where it was stable.
B. Order parameters
To investigate the nature of the molecular disorder in the rotator phases, we define in this section three orientational order parameters. The definitions are motivated by the hypothesized structure of the RI and RII phases and the known structure of the orthorhombic crystal, and are designed to distinguish between these three phases, as well as to provide a means of describing short range order present in the rotator phases. To the extent that the crystal-RI and RI-RII transitions are weakly first order, pretransitional fluctuations should be expected.
The herringbone orientational order of a crystal, shown in the Fig. 1͑a͒ , is not unique on the orthorhombic lattice. The herringbone pattern could also be organized with all molecules turned 90°from those pictured. A single molecule in a layer can therefore be assigned to one of two herringbone states. We denote this two-state order parameter as the "Ising" order parameter.
For a perfect orthorhombic herringbone crystal, each layer of molecules maintains a herringbone pattern over long distances and therefore we say that the layers exhibit longrange Ising order. In Fig. 1͑b͒ the molecules in a snapshot of the RI phase are assigned "light" or "dark" lines according to their Ising state. The transition from crystal to RI phase corresponds to the loss of long-range Ising order.
For distinguishing monoclinic crystal polymorphs, we define a two-state monoclinic ͑or "mono"͒ order parameter. In contrast with a herringbone crystal domain, in which molecules in adjacent rows are oriented perpendicularly, molecules in adjacent rows of a monoclinic crystal are parallel. The mono parameter indicates which of the two possible parallel orientations the molecules take. In a herringbone crystal like Fig. 1͑a͒ , molecules in a single row are parallel and thus are in the same mono state. Molecules in adjacent rows of a herringbone are perpendicular, and so are in opposite mono states.
On an undistorted hexagonal lattice, rows of parallel molecules ͓drawn left-to-right in Figs. 1͑a͒ and 1͑b͔͒ could be drawn in three orientations, obtained by successive 120°r otations. The hexagonal lattice can be distorted by stretching along any of these three "herringbone directions." We describe the herringbone direction with a "three-state Potts" order parameter. In Figs. 1͑a͒-1͑c͒ , the molecules are as-signed "red," "blue," or "green" lines depicting their Potts state. The orthorhombic herringbone crystal phase exhibits long-range Potts order.
The RI phase, in which the molecules undergo random 90°rotations but the orthorhombic distortion is maintained, also exhibits long-range Potts order. In the RII phase the orthorhombic distortion is not observed, so we expect that the RII phase does not have long-range Potts order. The diffuse scattering peak underneath the hexagonal Bragg peak of the RII phase has been attributed to scattering from local orthorhombic order in the RII phase, which would correspond to short-range Potts order. 5, 6 Each molecule can be in one of two Ising states and one of three Potts states, for a total of six possible states. To assign the order parameter value for each molecule, we observe that in the ideal herringbone states there are six possible azimuthal angles for the in-plane projection of the C-C bonds, equally spaced from =0 to =2. Taking account of the position of a molecule in the ͑approximately͒ hexagonal lattice, we assign each molecule to one of the six states by identifying the closest azimuthal angle among the six equally spaced ideal values. We determine the azimuthal angle of a molecule by taking the average projection of its C-C bonds into the a-b plane. Because alkanes are likely to have gauche defects on their ends, especially at temperatures near or above the crystal-RI transition, we determine using only the central 50% of the C-C bonds.
To examine the order in the system as a whole, we consider the fraction of molecules for which the given molecule and all of its nearest neighbors are in the same state. For each molecule n, we define i n = 1 if all six nearest neighbors share the same Ising state and i n = 0 otherwise. We similarly define p n using Potts states and m n using mono states. We then define system-wide order parameters by
and similarly for P 6 using p n and M 6 using m n . In a perfect orthorhombic crystal, I 6 and P 6 will be unity while M 6 will be zero. In an ideal monoclinic crystal M 6 and P 6 would be unity and I 6 would be zero. In an ideal RI structure, I 6 and M 6 will be zero but P 6 will be unity. In the RII phase, I 6 , M 6 , and P 6 will all be zero.
We expect that I 6 , M 6 , and P 6 in simulated alkane systems will deviate from these ideal values. First, for both crystals, the I 6 and M 6 values will be depressed by the presence of domain walls. Any molecule bordering a domain wall will have i n = 0 and m n = 0. Second, all values will be depressed somewhat by fluctuations in large enough to change the state of the molecule. Because i n , p n , and m n depend on a molecule and all nearest neighbors having the same state, a single molecule that changes state due to a fluctuation will result in zero values of i n , p n , or m n for several molecules. Even with as few as 10% of the molecules in a system in a different state due to fluctuations, the value of I 6 , M 6 , or P 6 will be low.
III. RESULTS
After trying several potentials, we were ultimately able with the FW potential to produce the expected sequence of phases in C 23 at approximately the experimental temperatures. However, we also found a monoclinic crystal phase, in a narrow temperature range between the orthorhombic and RI phases, which is not observed in experiments on C 23 . In the other potentials we tried, we did not find the RI phase at all, and the spurious monoclinic phase was found to be stable over a correspondingly wider temperature range. Because of this sensitivity to choice in potential, in the next section, we report in some detail our attempts to find a potential that results in the experimentally observed sequence of phases.
A. Pure C 23 using OPLS-AA C 23 was simulated using the OPLS-AA force field at temperatures of 290, 315, 330, 345, and 360 K. In all simulations we find that the molecules remain in their original lattice positions. The lattice parameters relax to an equilibrium state within a few hundred picoseconds, although the orientation of the molecules often needed more time to equilibrate ͑as long as 2 ns͒. Table II summarizes the results.
Orthorhombic phase. After 1 ns at 290 and 315 K, orthorhombic herringbone initial states were found to be stable. Molecules remained in all-trans-conformations, and remained in layers, with motion along the c axis of less than one monomer length. Herringbone order spans the system. Small fluctuations turn a few molecules far enough to be labeled with a different Ising and Potts state; the lifetime of such fluctuations is of the order of 1 ps. The distribution of at 290 K is as expected for a herringbone crystal, with two peaks centered on 47°and 133°. Finding an orthorhombic crystal at 315 K, within the experimentally determined temperature range of C 23 rotator phases, indicates that the cohesive energy using OPLS-AA may be too large.
Monoclinic phase. At higher temperatures, 330 and 345 K, the orthorhombic initial state transformed to a monoclinic crystal, not found in experiments on C 23 . We find monoclinic domains that span the system parallel to the original herringbone direction. Over a period of 2 ns after equilibration, the domain walls at 345 K do not move. The domain walls span the system and connect to themselves through the periodic boundaries; there is no effective mechanism to eliminate such walls, which we find to be long lived. Small fluctuations in Ising and Potts state are more widespread than at 290 K due to the higher temperature, but still have lifetimes on the order of 1 ps.
RII rotator phase. At still higher temperature ͑360 K͒, an orthorhombic initial state transforms into the RII phase. In contrast with the crystal phase, in RII molecules move along the c axis as much as Ϯ0.6 nm. Within the layers, the molecules sit on a hexagonal lattice with a / b Ϸ ͱ 3. The area per molecule in the plane increases from the crystal value of about 0.18 nm 2 to about 0.20 nm 2 , consistent with experimental results for RII.
The distribution of azimuthal angles indicates six weakly preferred orientations. As found by Ryckaert et al., 14 the molecules prefer to point between nearest neighbors. Each molecule turns frequently, with few molecules remaining in the same Ising and Potts state for more than 2 ps. Notably, no significant long-range Ising or Potts order is found; both the Ising and Potts correlation lengths are very short. The order parameters I 6 and P 6 , which measure nearest-neighbor correlations of Ising and Potts order, are essentially zero. The RI-RII transition is thus sufficiently first order that pretransitional fluctuations of Potts order in the RII phase are not observed.
B. Looking for RI
Because of the spurious appearance of the monoclinic crystal and the difficulty in finding RI in simulations using the OPLS-AA potential, we performed simulations on small systems with RI initial configurations using OPLS-AA at 290, 315, 330, and 345 K. The RI phase did not remain stable at any of these temperatures ͑see Table II͒ . At 290 K the quenched simulation showed regions of both herringbone and monoclinic crystal after 1 ns; at this low temperature, equilibration may require significantly longer runs. At 315 and 330 K the RI initial configuration became monoclinic within 1 ns. At 345 K the system showed the characteristics of the RII phase, whereas an orthorhombic initial configuration became monoclinic.
In hopes of finding a way to adjust the OPLS-AA potential parameters to suppress the spurious monoclinic, we compared the C-C, C-H, and H-H contributions to the nonbonded energy in the orthorhombic and monoclinic crystals at 315 K. Unfortunately, these contributions were proportional in the two phases to within 0.1%, providing no easy way to disfavor the monoclinic relative to the orthorhombic phase by tweaking the relative strengths of the nonbonded interactions.
As mentioned above, finding the orthorhombic crystal at 315 K, where rotator phases are observed in experiments on C 23 , indicates that the cohesive energy of OPLS-AA is too strong. Hoping that the monoclinic phase was an artifact of too-strong cohesive energy, we performed simulations in which we systematically reduced all the LJ ⑀ parameters by the same factor, while keeping fixed the location of the minimum . Unfortunately, while weakening the interactions lowered the transition temperatures as expected, with reasonable transition temperatures at about 82% strength, this did not stabilize the RI phase.
Finally, we performed simulations on small systems of pure C 23 using the force field of Borodin and Smith at two temperatures, 300 and 350 K. At both temperatures an orthorhombic initial state transformed to the monoclinic phase within 500 ps.
C. Pure C 23 using Flexible Williams
The most suitable force field of the three we studied is the Flexible Williams ͑FW͒ force field of Tobias et al. Although it also exhibits the spurious monoclinic phase, we find that it produces the sequence of phases expected from experiment at about the right temperatures ͑with the monoclinic phase inserted between orthorhombic and RI͒. Table II summarizes the results. Area per molecule A and ratio of lattice parameters a / b are plotted versus T in Fig. 2, along with results for mixed systems discussed below.
Using the FW force field, at 290 K we find a stable orthorhombic crystal. Figure 3͑a͒ shows the distribution of molecule orientations . Figure 4͑a͒ shows a snapshot of a portion of an orthorhombic herringbone crystal. In this and similar figures, the molecular position is represented by a circle, and the orientation of the molecule with an arrow. The color of a circle indicates the Potts state ͑red, blue, or green͒ and Ising state ͑light or dark͒. At 300 K a monoclinic phase forms, in contrast with the orthorhombic crystal found at 300 K by Tobias et al. 25 We used longer cutoff distances, a significantly larger system, and have run a longer simulation, which may explain the difference. Our simulation ran for several hundred picoseconds before the monoclinic phase clearly began to form, a time much longer than the 50 ps simulation used by Tobias et al. Figure 4͑b͒ shows an example of the molecular orientations in the monoclinic phase, including a domain wall. In our coloring scheme the perfectly ordered monoclinic phase appears as alternating light and dark rows, because light and dark were chosen to correspond to the Ising rather than mono state.
At 335 K, which is 14.6 K above the experimental melting temperature for C 23 , the FW force field produced RII. A snapshot of a system in the RII phase is shown in Fig. 5͑a͒ . Finding RII at this temperature could be due to the difficulty of nucleating a melt in a periodic system in a short time, 34 or could be because the FW model actually gives too high an equilibrium melting temperature. Because our focus is on order in the solid phases, we did not investigate this further. The orientation distribution is shown in Fig. 3͑b͒ .
At 315 K, where RI is stable in experiments, a herringbone initial state evolves into a stable RI phase. Molecules remained in orthorhombic layers, with frequent translations in the c direction. The molecular centers remain within about 0.3 nm ͑two monomer lengths͒ of the layer midplane. This agrees with both experiments and previous simulations. 2, 14 A snapshot of the RI phase is shown in Fig. 5͑b͒ . Figure  3͑c͒ shows the four-peaked distribution expected from the RI phase, and seen in previous simulations. 13, 14, 18 The molecules in the RI phase take on four orientations separated by 94°across the a axis and 86°across the b axis, consistent with results of Ryckaert et al. 14 The residence time in the different orientations is of the order of 100 ps, which is slower than was reported by Ryckaert et al. 13 but about the same as has been more recently observed for C 19 . 18 The RI phase evidently displays long-range Potts order but Ising disorder. We occasionally observe regions of a few molecules with local Ising order, but Potts order is uniform throughout the system. Ising correlation length is at most a few molecules. At 325 K, we again find RI. Compared to 315 K, the lattice parameter a is significantly higher while b is slightly lower than at 325 K, qualitatively consistent with the continuous variation of the orthorhombic distortion seen in experiments.
2,6 325 K is above the experimental RI-RII phase transition at 317.9 K; the presence of RI rather than RII suggests that the model interactions may be slightly too strong. Table III shows results for the I 6 , M 6 , and P 6 order parameters in each of the phases. As expected, the orthorhombic crystal without domain walls has high I 6 and P 6 . The sensitivity of I 6 and P 6 to fluctuations in is shown by I 6 Ͻ 1 and P 6 Ͻ 1. In the monoclinic phase, we find that I 6 is zero while M 6 increased significantly ͑due to the domain walls and fluctuations, M 6 Ͻ 1͒. In the RI phase P 6 is the only order parameter with appreciable value. In RII, all three parameters drop to zero.
Heating scan. As an alternative to equilibrating at fixed temperature, we can explore the temperature dependence in a continuous fashion by performing a heating scan. Figure 6͑a͒ shows the I 6 , M 6 , and P 6 order parameters as a function of time as a bilayer of 13ϫ 20 unit cells was heated from 150 to 350 K at a rate of 20 K/ns. Fluctuations lead to a slow decrease in I 6 and P 6 with increasing temperature within the orthorhombic phase. Monoclinic order begins to appear above 290 K, as evidenced by the increase in M 6 and the sharp decrease in I 6 to nearly zero.
The simultaneous decrease in M 6 and P 6 just above 310 K suggests that heating at a rate of 20 K/ns did not allow time for the RI phase to develop before the RII phase formed from the monoclinic phase. Likewise, the modest maximum in M 6 of about 0.35 compared to its value of 0.5 in fixedtemperature runs at 305 K indicates that the monoclinic phase also did not have time to form completely during the scan. Constant temperature simulations of monoclinic and RI phases ͑see Table II͒ required at least 1 ns to equilibrate, which suggests that a scan rate of less than 5 K/ns would be required to fully develop the monoclinic phase and to resolve the RI phase.
A small energy discontinuity does accompany the transition to RII, indicating a first-order transition. Figure 6͑b͒ shows enthalpy h per molecule as a function of temperature. Using a constant pressure of 1 bar and using volume per molecule v over time from simulation, the Pv contribution to h = u + Pv is small so h Ϸ u. The slopes of lines fit to the crystal and RII regions give specific heats of about 1.02 kJ/ ͑mol K͒ and 1.15 kJ/͑mol K͒, respectively. These are roughly comparable to the values from experiment, about 0.6 kJ/ ͑mol K͒ for a crystal at 300 K and 1.6 kJ/͑mol K͒ for RII at the RI-RII transition. 3, 4 Considering only the initial crystal and final RII phases, we can estimate the crystal-RII transition entropy. Fitting lines to the three segments of h, we find that the intermediate region is centered on T xr = 318.6 K. Extrapolating the crystal and RII fits to this temperature, ⌬h = 17.8 kJ/ mol. The Gibbs free energy per molecule g = h − Ts of both phases is equal at Using the FW force field, we performed simulations of a 50-50 mixture of C 21 and C 23 , with orthorhombic initial configurations. The results are summarized in Table IV , and A and a / b are plotted versus T in Fig. 2 . Of note, the RI phase appears at 290, 305, and 315 K, and RII at 325 K. The crystal-RI transition temperature is clearly decreased from the pure C 23 system.
During the first tens of picoseconds of a mixed-alkane simulation at 250 K starting from the crystal, the molecular centers of mass move in the c direction; in each layer, the molecular centers tend to reside on a few planes separated by one monomer length ͑0.125 nm͒. The centers of most of the C 23 molecules remain in one or two single planes, while the centers of mass of most of the C 21 molecules move one monomer length higher or lower. This aligns one end of each C 21 molecule with the ends of the nearby C 23 molecules in the layer. Small voids in the surface of the layer appear at the other end of the C 21 molecules, roughening the surface slightly. A few molecules from neighboring layers move in the c direction, so that one end sits in a void. After this initial adjustment, the molecules seldom make additional vertical moves of more than one monomer length over the 1 ns simulation time.
The RI phase for mixed alkanes yields a four-peaked angle distribution, similar to that shown in Fig. 3͑c͒ . At 290 K the molecule orientations make approximately 90°jumps about once per 200 ps, increasing to about once per 100 ps at 315 K. Similar to the pure system, the Ising correlation length is at most one molecule while the Potts correlation spans the system. Molecules remain in well defined layers, but molecular centers freely move along the c direction, without aligning on distinct planes and remain within 0.3 nm of the layer midplane. The ends of some molecules move into other layers, an effect that increases with increased temperature.
As temperature increases, the lattice a parameter increases while the lattice b parameter decreases slightly, progressively reducing the orthorhombic distortion, and moving toward hexagonal symmetry. The volume per molecule changes close to linearly with temperature, with a thermal expansion coefficient of about 9 ϫ 10 −4 K −1 . This is lower than the thermal expansion found in experiments on pure alkanes by a factor of 3. 6 The crystal-RI transition occurs farther below the RI-RII transition temperature in a mixed system than in a pure system. The areal density of chains in the crystal phase near the crystal-RI transition is similar for pure and mixed systems, as are the areal densities of the RII phase for pure and mixed systems. We therefore expect RI in a mixed system to have lower thermal expansion than a pure system. The area per molecule A of RII in the mixed system is lower than that of a pure system by about 0.02 nm 2 , agreeing with experiments that show decreased area per molecule in mixed systems. 6 
IV. CONCLUSIONS
We performed atomistic MD simulations of ordered phases in pure C 23 alkane and mixed C 21 -C 23 alkane systems, using several different previously developed all-atom potentials. We find the phase behavior in the simulation is very sensitive to the choice of potential. Among the potentials we tried ͑OPLS-AA with various adjustments, Borodin and Smith, FW͒ only the FW potential gave reasonable agreement with the experimentally observed sequence of phases-orthorhombic crystal, rotator RI, rotator RII, melt. We were able to spontaneously form both RI and RII phases from an orthorhombic crystal initial state. To our knowledge, RII has not previously been formed from a crystal in an MD simulation at atmospheric pressure.
Unexpectedly, a spurious monoclinic crystal phase not experimentally observed was found to be stable in all the potentials we tried. In all but the FW, the monoclinic precluded the RI phase altogether. Even for the Flexible Williams potential, the monoclinic phase intrudes in a narrow temperature range between the orthorhombic crystal and RI phases. The energy difference between orthorhombic and monoclinic crystals is very small, of the order of 0.1%.
We find that structural equilibration takes a considerable time in our simulations at temperatures below 330 K; around 1 ns for transformation into the monoclinic or rotator RI phases. Our simulations contain at least four times more molecules and in some cases ran at least four times longer than those of previous authors, which probably explains the differences between the phases we observe and some previous reports where monoclinic phases are not observed. [11] [12] [13] [14] 16, 18, 19, 25 Basic physical properties of our simulated phases are in reasonable agreement with experiment. The lattice dimensions match well for both the orthorhombic crystal and RII phases, which suggests that nature of disorder in the mesophases will be well represented by our simulations. Azi- muthal angle distributions and rotational jump rates for molecules in our simulations are roughly in agreement with previous reports. 14, 18 In pure C 23 , using the FW potential, locations of phase transitions found to occur close to experimentally reported temperatures, with the caveat that the system did not melt even at temperatures 15 K above the experimental melting point within 1 ns. This may be because of the difficulty in nucleating a region of amorphous melt in a relatively small initially ordered system with periodic boundary conditions. 34 One key thermodynamic quantity is the transition entropy between the crystal and RII phases, which we find to be 0.172 J/͑g K͒, in reasonable agreement with the experimental value of 0.209 J/͑g K͒. This result suggests that planned simulations to explore mesophase ordering in oligomeric polypropylene, for which data do not presently exist, may be a reasonable guide as to what to expect from future experiments.
In a 50-50 mixture of C 21 and C 23 alkanes, we observe an extended temperature range of at least 35 K of stability for rotator phases. In experiments, the mixture has temperature range of rotator phases about 2.5 times compared to pure C23; our simulations of the mixture had about double the temperature range of our simulations of pure C23. As in experiments, mixing increases the temperature range of the simulated rotator phases by decreasing the transition temperatures.
This stabilization of rotator phases is presumably due to the disruption of interlayer interactions that favor the crystal ordering in pure alkanes. 6 Practically speaking, this extended temperature range makes it easier to study the properties of the RI and RII phases in both experiments and simulations.
We defined three order parameters for purpose of assessing nature of disorder in mesophases, motivated by hypothesized order in RI and RII phases. Our "Ising" order parameter measures the order in 90°azimuthal rotation of molecules about their reference orientation in the orthorhombic crystal; our "three-state Potts" order parameter measures order in the "herringbone direction" among three degenerate possible directions on a hexagonal lattice. These order parameters are useful indicators of the state of order of the system, as well as establishing a way to measure correlation lengths.
Some questions remain open. We have not yet performed temperature scans at a slow enough rate to reliably explore the details of the monoclinic-RI and RI-RII transitions. Likewise, a proper investigation of the temperature-dependent properties of the RI phase, in particular the continuous change in orthorhombic anisotropy seen in WAXD, will require temperature scans at rates of order a few kelvin per nanosecond, in order to resolve behavior occurring over a few kelvin.
We did not observe any significant pretransitional fluctuations of Ising or Potts order in the RI or RII phases, respectively. Correlation lengths of these order parameters in the respective disordered states were found to be a few molecular diameters at most. However, because of the narrow temperature range of the phases and the preliminary nature of our survey of the relevant temperature range, a definitive answer to this question awaits planned slower temperature scans.
